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Abstract. This study delves into several engineering procedures related to
solar power tower plants. These installations come with central receiver
system technologies and high-temperature power cycles. Besides a summary
emphasizing on the fundamental components of a solar power tower, this
paper also forwards a description of three receiver designs. Namely, these
are the tubular receiver, the volumetric receiver and the direct absorber
receiver. A variety of heat transfer mediums were assessed, while a
comprehensive explanation was provided on the elements of external solar
cylindrical receivers. This explanation covers tube material, molten salt,
tube diameter and heat flux.

1 Introduction
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Fig. 1. Schematic diagrams of (a) Linear Fresnel (b) Parabolic Trough (c) Solar Tower Power (d)
Parabolic Dish.
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Solar thermal power systems belong to an area of technology that focuses on the
exploitation of heat energy from the sun. The reflection of concentrated solar radiation onto
a fluid medium serves to produce heat which is harnessed for electricity generation. In
accordance to their configuration, there are generally four types of solar thermal power
systems as shown in Fig. 1. These are the solar tower power system, the parabolic dish
system, the parabolic trough system, and the linear Fresnel system. The solar receiver in the
solar power tower system is sited at the tower’s focal point. It receives the concentrated
sunlight for heating up the heat transfer fluid (HTF) by way of heliostats. These concentration
techniques are deemed adept for the generation of elevated temperatures as well as
exceptional thermodynamics.

2 Solar power towers (SPTs)

Solar power towers are also referred to as central receiver systems [1]. These systems are
equipped with tracking mirrors called heliostats which are located around a main external
receiver. This receiver is mounted on the top of the tower at the focal point of the heliostats.
The central solar tower is acknowledged as the most effective system for the generation of
raised temperatures [2]. This system boasts the capacity to realize a solar flux degree which
is consistently above 600 sun (1 sun=1000W/m?). Among all the currently available solar
thermal power systems, the central solar tower system is deemed the most competent.

2.1 Standard central receivers

The most frequently employed central receivers are the tubular, volumetric, and direct
absorption receivers.

2.1.1 Tubular receivers
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Fig. 2. a) External Cylindrical receiver. b) Internal Cavity receiver.

Depending on the kind of receiver employed, compilations of parallel tubes are assembled to
fashion a cylinder, or semi-cylinder. The temperature of the tubes are lowered on the inside
by the HTF, and raised on the outside through concentrated sunlight. While half the tubes’
circumference is subjected to solar irradiance, the other half can be deemed adiabatic.
Tubular receivers are employed for the transference of liquid heat through fluids that include
molten salt, water, thermic oil, liquid metals and Hitec salt [3-4]. Tubular receivers can be
separated into two categories: external and internal. External cylindrical receivers come with
spherical, slender-walled metal tubes. These tubes are assembled alongside each other in a
cylindrical formation. This can be observed in Figure 2-a. The solar flux forwarded from the
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heliostats swing from every direction. As shown in Figure 2-b, the internal cavity receiver
comes with a minute aperture [5] . This receiver decreases losses attributed to convection by
positioning its welded tubes within a cavity. The two kinds of cavity receivers are the single
and dual cavity receivers.

2.1.2 Volumetric receivers

With these receivers, the HTF comes in the form of air or supercritical CO». There are two
fundamental kinds of volumetric receivers. In the open volumetric air receiver, atmospheric
air represents the heat transfer medium. These receivers comprise permeable absorbers made
up of high temperature resilient substances. These substances include wire-mesh, ceramic
monoliths, foams, knit-wire packs and foil arrangements [6-7]. Ambient air flowing through
the porous configuration soaks up a substantial measure of heat. This heat is subsequently
harnessed for the generation of steam [8]. The other kind of volumetric receiver is the closed
volumetric receiver (also known as the pressurized air receiver). This receiver comes in the
form of an internally insulated pressure container covered by a quartz glass window in the
profile of a dome. Concentrated solar radiation flows through the quartz glass window, and
eventually arrives at the absorbing structure located at the rear of the window in the container.
The radiation raises the temperature of the absorbing structure, and this heat is imparted to
the air travelling through the structure.

2.1.3 Direct absorption receivers

In these receivers, the concentrated solar radiation is absorbed by the heat transfer medium
in a straightforward manner. Direct absorption receivers come in two forms: solid particle
receivers and centrifugal receivers. While the former involves the descending of ceramic
particles directly into a cavity receiver [9], the latter involves an inclined rotating cylindrical
cavity with descending particles directly heated by solar radiation [10].

2.2 Heat transfer mediums

The form of heat transfer medium employed in solar towers is determined by the type of
receiver and power cycle involved. Heat transfer mediums include fluids and solid particles.
Heat transfer fluids can be categorized into five groups: oil-based, water-based, liquid metals,
molten salts and gases. Molten salt and water are suitable for solar towers, and both, as well
as oil, is appropriate for the parabolic trough and linear Fresnel systems. Air, helium, CO»
and nitrogen are examples of gases that can be utilized as heat transfer mediums. Solid
particles used as heat transfer mediums come in the form of directly heated ceramic-based
materials [11]. Supercritical fluids favoured as a transfer medium include supercritical water
(due to the elevated critical pressure of water) [12], and carbon dioxide (which comes with a
substantially lower critical pressure) [13].

The choice of an appropriate heat transfer medium is determined by several issues. These
include its melting point, boiling point, thermal conductivity, viscosity, specific heat
capacity, cost effectiveness, pollution effects, flammability, and compatibility in relation to
other materials.

3 External cylindrical receiver designs

In 1981, the earliest large-scale electricity producing facility (Solar One) was fully
constructed and ready for testing. It was set up with the objective of utilizing receiver steam
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for the generation of 10 MWe net [14]. Water/steam, the HTF employed, was superheated to
510°C at 10.3 MPa. The ultimate temperature in the turbine dropped to 280°C with a gross
cycle efficiency equivalent to 28% [15]. Over the last ten years, researchers in this domain
have worked to improve the design of receivers in order to decrease the loss of heat, and the
occurrence of receiver malfunction. Specifications of Central tower projects around the world

with Steam Rankine cycle listed in Table 1.

Table 1. Global Concentrating solar power (CSP) projects that use power tower systems [16-18]

Tower Receiver | Turbine Heat
Project Receiver . . Outlet Capacity Start
Location | Height Transfer
Name Type (m) Temp. (Gross) Fluid Year
(°O) MW
ACME Central India 46 440 2.5 Water/ |51
Solar Tower Steam
Atacama-1 | EXemal o g 550 100 | Molten 5018
receiver Salt
Crescent
Dunes Solar External - United Molten
Energy cylindrical States 195 363.5 1100 salt 2015
Project
Dahan . . Water/
Power Plant Cavity China 118 400 1.0 Steam 2012
Gemasolar External Molten
Thermosolar tube Spain 140 565 19.9 2011
. salts
Plant receiver
Julich Solar Open | Germany | 60 680 1.5 Air 2008
Tower volumetric
Planta Solar . .
10 (PS10) Cavity Spain 115 250-300 11.02 Water 2007
Sierra Sun | Dual-cavity .
Tower & tubular | Onited 55 440 5.0 water | 2009
. States
Sierra external

3.1 Receiver tube material

The materials used for receiver tubes are required to be highly durable and exceptionally
resistant against rust as well as thermo-mechanical fatigue (TMF). Additionally, these
materials need to come with a raised sun radiation absorption capacity and the ability to
endure extreme pressures. The tube material used in Solar One was 316 L stainless steel with
a controlled nitrogen content [19], 316 L stainless steel was also used in Solar Two [20],
nickel alloy steel was used in Solar Tres [21], while a nickel-chromium alloy was opted for
in Gemasolar [22].

3.2 Molten salt

Molten salts have the capacity to perform as a HTF at temperatures as high as 600°C. Besides
being non-flammable and non-toxic, molten salts are also equipped with appropriate
thermos-physical features for the transference of heat. These features include a low melting
point (which serves to avert solidification), an elevated thermal conductivity level, a high
heat capacity level, and a low viscosity level. The physical characteristics of the three major
salts utilized as HTFs (molten salt, hitec and hitec XL) are displayed in Table 2.



MATEC Web of Conferences 225, 04003 (2018)

UTP-UMP-VIT SES 2018

https://doi.org/10.1051/matecconf/201822504003

Table 2: Physical properties of molten-salt heat-transfer fluids [5, 23-25]

. Melting Upper Heat . Conductivity
Ms(;lltten COll:lp(‘):]lttlon Point Temperature | Capacity zfl;;g))l (W/mK)
y Wt (°O) limit (°C) J/kg K) 5

NaNO; 0.60

KNOs 0.40 220 600 1517 1817 0.49
Ca(NOs)2 0.48

NaNOs3 0.07 133 500 1447 1992 n/a

KNO3 0.45

KNO;3 0.53

NaNOz 0.40 142 535 1560 1640 0.483

NaNO; 0.07

3.3 Receiver design

The external and internal diameters of a receiver’s tube significantly influence the receiver’s
capacity for managing the various levels of high heat flux. This is noteworthy as high heat
flux can result in extensive thermal stresses and strains. The diameter of receiver tubes ranges
from 20mm to 45mm [26]. While an undersized tube diameter boosts the velocity to improve
the receiver’s performance, the downside is that this circumstance also leads to an increased
dip in pressure.

3.4 Heat flux

The extent of heat flux influence is determined by the materials used for the crafting of the
tube and the HTF employed. For the water or steam the Allowable heat flux value near 0.5
MW/m?, while it is around 1 MW/m? for the molten salt, and fluctuate near 1.5 MW/m? for
liquid sodium [15].

Conclusion

The fashioning of a molten salt solar receiver is made difficult by several issues. While
molten salt holds an edge over standard HTFs, the chemistry of salt is such that the
establishment of a balance between economic and technical risks poses a significant
challenge. A low melting point supported by a high heat capacity and density will serve to
decrease the number of storage tanks needed. This in turn will lead to a more cost-effective
operation. The need to perform under raised operating temperatures demands the use of costly
materials for the crafting of the receiver’s tube. The use of inferior materials is highly risky
as this may lead to extensive losses and/or technical problems. The peak temperatures of the
receiver are anticipated to come close to 800°C for a receiver outlet salt temperature of 720°C.
The construction of receivers using materials capable of enduring extreme stress levels will
enable receivers to operate under higher temperatures.

The authors would like to express gratitude to Power Generation Unit, Institute of Power Engineering
(IPE), Universiti Tenaga Nasional (UNITEN) and Tenaga Nasional Berhad (TNB) for providing
research grant to carry out this research.



MATEC Web of Conferences 225, 04003 (2018)

UTP-UMP-VIT SES 2018

References

1. H. Zhang, J. Baeyens, J. Degréve, G. Cacéres, Renew. Sustain. Energy Rev. E 22, 466
(2013).

2. M. Lépez-Herraiz, A.B. Fernandez, N. Martinez, M. Gallas, Sol. Energy Mater. Sol.
Cells. E 159, 66 (2017).

3. M. Ramaswamy, V. Chandrasekaran, et al. Engineering economic policy assessment of
concentrated solar thermal power technologies for India, DOI (2012).

4. G. Zhu, C. Libby, Review and future perspective of central receiver design and
performance, AIP Conference Proceedings, AIP Publishing, (2017).

5. S. Alexopoulos, B. Hoffschmidt, Wiley Interdiscip. Rev. Energy Environ. E 6, €217
(2017).

6. A.L. Avila-Marin, Sol. Energy. E 85, 891 (2011).

7. M. Romero, A. Steinfeld, Energy Environ. Sci. E 5, 9234 (2012).

8. M. Roldan, E. Zarza, J. Casas, Renew. Energy. E 76, 608 (2015).

9. C.K. Ho, B.D. Iverson, Renew. Sustain. Energy Rev. E 29, 835 (2014).

10. W. Wu, L. Amsbeck, R. Buck, et al. Energy Procedia. E 49, 560 (2014).

11. J. Christian, C. Ho, Energy Procedia. E 49, 314 (2014).

12. M.T. Dunham, B.D. Iverson, Renew. Sustain. Energy Rev. E 30, 758 (2014).

13. S.A. Wright, T.M. Conboy, G.E. Rochau, Overview of Supercritical CO2 power cycle
development at Sandia National Laboratories, 2011 University Turbine Systems
Research Workshop, Columbus, Ohio, October, (2011).

14. L. Radosevich, Final Report on the Power Production Phase of the 10 MWe Solar
Thermal Central Receiver Pilot Plant, SAND87-8022, Sandia National Laboratories,
Albuquerque, NM, DOI (1988).

15. P.K. Falcone, A handbook for solar central receiver design, Sandia National Labs.,
Livermore, CA (USA), (1986).

16. B. Hoffschmidt, Receivers for Solar Tower Systems, DOI (2014).

17. CSP Projects Around the World. Retrieved September 22, 2018, from
http://www.solarpaces.org/csp-technologies/csp-projects-around-the-world/

18. Concentrating Solar Power Projects. Retrieved September 22, 2018, from
https://'www.nrel.gov/csp/solarpaces/

19. J. Gretz, A.S. Strub, A. Skinrood, Thermo-Mechanical Solar Power Plants, Springer
Science & Business Media (2013).

20. C.E. Tyner, J.P. Sutherland, W. Gould Jr, Albuquerque, NM (United States), (1995).

21. W.R. Gouldl Jr, A.B. Zavoico, W.E. Collier, I. Grimaldi, Solar Tres 10 MWe central
receiver project. Energy 2000: The Beginning of a New Millennium, (2000).

22. Solar Power Plant. Retrieved September 22, 2018, from
http://www.finetubes.co.uk/case-studies/gemasolar/.

23. J.E. Pacheco, M.E. Ralph, J.M. Chavez, S.R. Dunkin, E.E. Rush, C.M. Ghanbari, M.
Matthews, Sandia National Labs., Albuquerque, NM (United States), (1995).

24. C.Li, P. Li, K. Wang, E.E. Molina, AIMS Energy. E 2, 133 (2014).

25. A.Mao, J.H. Park, G.Y. Han, et al. Korean J. Chem. Eng. E 27, 1452 (2010).

26. J.M. Lata, M. Rodriguez, M.A. de Lara, J. Sol. Energy Eng. E 130, 021002 (2008).

https://doi.org/10.1051/matecconf/201822504003



